Near-infrared (NIR) fluorescence imaging in the 700-1000 nm wavelength range has been very attractive for early detection of cancers. Conventional NIR dyes often suffer from limitation of low brightness due to self-quenching, insufficient photo-and bioenvironmental stability, and small Stokes shift. Herein, we present a strategy of using small-molecule organic dye nanoparticles (ONPs) to encapsulate NIR dyes to enable efficient fluorescence resonance energy transfer to obtain NIR probes with remarkably enhanced performance for in vitro and in vivo imaging. In our design, host ONPs are used as not only carriers to trap and stabilize NIR dyes, but also light-harvesting agent to transfer energy to NIR dyes to enhance their brightness. In comparison with pure NIR dyes, our organic dye nanoparticles possess almost 50-fold increased brightness, large Stokes shifts (~250 nm) and dramatically enhanced photostability. With surface modification, these NIR-emissive organic nanoparticles have water-dispersity and size-and fluorescence-stability over pH values from 2 to 10 for almost 60 days. With these superior advantages, these NIR-emissive organic nanoparticles can be used for highly efficient folic-acid aided specific targeting in vivo and ex vivo cellular imaging. Finally, during in vivo imaging, the nanoparticles show negligible toxicity. Overall, the results clearly display a potential application of using the NIR-emissive organic nanoparticles for in vitro and in vivo imaging.
Introduction
In near-infrared (NIR) spectral range, organisms and tissues have low absorption of light and possess low intrinsic autofluorescence. Autofluorescence is the natural emission of light from biological structures. If biomarkers are fluorescent in NIR range, they can be better detected and identified from the surrounding biological environment. Therefore, NIR fluorescence imaging in wavelength range of 700-1000 nm is particularly attractive for early detection of cancers, which is expected to significantly contribute to improved cancer therapy and increased survival rates of patients [1] [2] [3] [4] .
Currently, the most widely used NIR probes are still organic dyes, which are usually encapsulated in various nanoparticles (NPs) to overcome the intrinsic limitations of conventional NIR dyes including poor hydrophilicity, low photostability, small quantum yield (QY) and instability in bio-environment [5] [6] [7] [8] . However, most of these encapsulating nanoparticles including silica NPs, calcium phosphate NPs, and lipoprotein NPs, only act as inert carriers but do not contribute to brightness improvement of the NIR probes [9] [10] [11] [12] . Another concern is that Stokes shift of conventional nanoparticle-based dye probes is usually small and optical interferences (light scattering and autofluorescence) caused by biosubstrates often exist, which greatly reduces detection sensitivity [13] . Furthermore, the clearance of inert carriers from patients still remains a great concern. Conjugated polymer dots (Pdots) were then reported to be utilized as the matrix to load organic dyes for imaging, in which Pdots served as light-harvesting agents to transfer their energy to organic dyes to enhance brightness [14] [15] .
Recently, small-molecule organic dye nanoparticles (SM ONPs) have also been developed as a new class of promising fluorescent probes [16] [17] [18] [19] , where organic dyes themselves were directly assembled into pure dye nanoparticles without nanocarriers.
Despite at early stage, SM ONPs have attracted much attention, because they possess large absorption cross-sections, non-blinking property and favorable biocompatibility.
More importantly, compared to Pdots, there is great variety and flexibility in materials design and thus tunability in optical properties and functionalities [20] [21] . Previously, dye molecules with rigid structures or aggregation-induced enhanced emission (AIEE) properties were used for preparing SM ONPs to avoid concentration quenching of traditional dyes [22] . For example, recently, we reported a type of ultrabright and ultrastable NIR dye nanoparticles which were prepared from a NIR dye of bis(4-(N-(2-naphthyl)phenylamino) phenyl)-fumaronitrile (NPAPF) with AIEE effect [16] . However, if traditional NIR dyes are employed to make nanoparticles, severe quenching will happen.
To address the challenges of developing NIR fluorescence probes with high brightness, large Stokes shift and photo-and bio-environmental stability, herein, we encapsulated an NIR dye into red-emissive ONPs. We hypothesize that the efficient fluorescence resonance energy transfer (FRET) from ONPs to NIR dyes will enable the resultant NPs to possess superior properties for bioimaging. To confirm this, we systematically investigated the optical properties, water-dispersity, photo-and bio-environmental stability and in vivo toxicity of the NIR dye doped NPs and tested their application for in vitro and in vivo imaging.
Experimental Section

Materials and characterization
NIR712
dye (2,9,16,23- 
Synthesis of folic acid conjugated C18PMH-PEG (C18PMH-PEG-FA)
C18PMH-PEG was synthesized as stated in literature [24] . To prepare C18PMH-PEG-FA, C18PMH-PEG was firstly functionalized with amine group. In detail, C18PMH (1eq), mPEG-NH2 (5k) (1eq) and NH2-mPEG(5k)-BOC (Polymere, Germany) (0.5eq) were mixed in dichloromethane under agitation. EDC (2eq) and TEA (8eq) were then added to the solution under magnetic stirring. After stirring for 24 h at room temperature, the dichloromethane solvent was blown dry with a N2 flow.
Subsequently, 2 mL of trifuoroacetic acid was added and actively stirred for 3 h at room temperature to de-protect the Boc group. After the evaporation of the TFA solvent, the residual solid was dissolved in water, which was dialyzed for 2 days in a dialysis bag (MWCO = 14 kDa) to remove unreacted PEG polymers and other reagents. After lyophilization, the final product (C18PMH-PEG-NH2) in white solid was stored at -20 °C for future use.
The folic acid conjugated C18PMH-PEG was prepared by conjugating the 
Preparation and functionalization of NIR712-doped NPs
NIR712-doped NPs were synthesized through a facile solvent exchange approach. NPAFN was first dissolved in THF to prepare a 1 × 10 -3 M stock solution.
Different amounts of NIR712 dye were added to 0.15 mL of the stock solutions. The mixed solutions were each injected to 5 mL of aqueous solution at 30 °C under vigorous stirring at 1000 rpm. After stirring for 3 min, the samples were stabilized for 24 hours.
For modification of NIR712-doped NPs, 2 mg of C18PMH-PEG was dispersed in 10 mL of water by sonication. Then 300 µL of solution was added into 5 mL of NPs suspensions followed by ultrasonication for 5 min. After that, solution was kept for use at room temperature. C18PMH-PEG-FA functionalization was executed referring to the former. To evaluate the stability of the NPs, evolutions of their diameter and fluorescence in phosphate buffered saline (PBS), serum and Na2CO3-NaHCO3, Na2HPO4-Citric acid buffer solution of different pH values were recorded at different times. All measurements were performed at room temperature.
Determination of quantum yield
Fluorescence quantum yield was measured using a Perkin-Elmer Lambda 750
UV/Vis/NIR Spectrometer and luminescence spectrometer. We made use of 2,7-di(4-(diphenylamino)phenyl-2,1,3-benzothiadiazol-7-yl)-9,9'-spirobifluorene penicillin/streptomycin at 37 °C in a humidified atmosphere containing 5% CO2.
Cytotoxicity assays
KB, MRC-5 and HeLa cell lines were grown into a 96-well cell-culture plate at 10 4 -10 5 /well and then incubated for 24 hours at 37 °C under 5% CO2. After incubating the cells with different doses of NPs, the standard MTT assay was performed to measure the cell viabilities by using untreated cells as a control. In this paper, all of the error bars indicate the standard deviation (SD) of the results.
In vitro fluorescence imaging
For the FA targeted imaging experiment, both positive and negative cells were 
In vivo fluorescence imaging
KB tumor-bearing mice were intravenously injected with 200 μL of 100 μM PEGylated NIR712-doped NPs and imaged using a Maestro in vivo fluorescence imaging system (CRi Inc.). The mice were excited with a blue light peaked at 455 nm.
In vivo spectral imaging from 700 to 850 nm (10 nm step) was then carried out.
Biodistribution
Tumor-bearing mice (4T1) injected with PEGylated NIR712-doped NPs were sacrificed at 1, 6, 12, 24, and 48 hours after injection. Major organs and tumor tissue were then spectrally imaged by the Maestro system. The average intensity of the PEGylated NP fluorescence was calculated for a semi-quantitative biodistribution analysis.
Histology analysis
Untreated control mice and the mice which were injected with 200 μL of 100 μM PEGylated NIR712-doped NPs were sacrificed at Day 1, 7 and 14 after treatment.
Major organs of the mice were collected, fixed in 10% of neutral buffered formalin, processed in paraffin, sectioned with a thickness of 8 μm, stained with hematoxylin and eosin (H&E), and finally examined by a digital microscope (Leica QWin). The investigated organs included liver, spleen, kidney, heart and lung.
Blood analysis
Three healthy Balb/c mice were injected with 200 μL of 100 μM PEGylated NIR712-doped NPs. The other three mice were used as the untreated control. At Day 1, 7 and 14 after NP injection, the mice were sacrificed and blood was collected for blood biochemistry assay and complete blood panel test, which were performed in 8 Shanghai Research Center for Biomodel Organism.
Results and discussion
Synthesis and characterization of NIR712-doped NPs
NPAFN ONPs with characteristic of aggregation-induced enhanced emission were chosen as encapsulating red-emissive NPs, and a non-water soluble NIR712 was selected as doping NIR dye. The molecular structures of NPAFN and NIR712 are shown in Fig. S1 . Reason of the choice is that the photoluminescence (PL) spectrum of NPAFN ONPs overlaps well with the absorption spectrum of NIR712 (Fig. S3) , which ensures efficient energy transfer in the guest-host systems and thus leads to enhanced optical properties.
NIR712-doped NPs were prepared by a simple solvent exchanging method [24] [25] . Mixtures of NPAFN and NIR712 of different ratios in THF were injected into water under vigorous stirring. Due to a sudden change of solvent environment, NPAFN molecules aggregated and precipitated out to form NPs. During the process, NIR712 molecules were encapsulated into/onto the NPAFN NPs. SEM image (Fig. 1a) shows that the NIR712-doped NPs have roughly spherical structures with an average diameter of about 110 nm. The inset of Fig. 1a shows the TEM image of the NIR-doped NPs. In addition, dynamic laser light scattering (DLS) (Fig. 1b) measurement indicates that the NPs have an average diameter of about 118 nm and narrow size distribution (Polydispersity Index (PDI) = 0.107), which is consistent with the microscopy observation. In order to verify that NIR712 molecules were successfully encapsulated within the host NPs and not easily leaked out, we put the doped NP solution into a 30 k molecular weight cutoff centrifugal membrane, which only allows free NIR712 dyes to pass through. After filtration, the UV-Vis and PL spectra of the filtrate were measured. The results suggest that there were negligible free NIR712 molecules in the filtrate, which indicates that NIR712 molecules were successfully encapsulated into or onto the hydrophobic host material with high stability (Fig. S2) .
Optical properties of NIR712-doped NPs
Upon doping of NIR712, emission from the original NPAFN NPs was effectively quenched and replaced with the emission from NIR712 (Fig. 1d) , indicating efficient energy transfer from the host NPs to the dyes. With doping concentration increases, the emission intensity of NIR712 was observed to reach maximum value at a concentration of 0.25% (molar ratio of NPAFN : NIR712 = 1 : 0.25%) and then gradually drop down. At the optimal doping concentration of 0.25% NIR712, the QY is 1.8%.
The process of energy transfer and amplified fluorescence emission
It was reported that the doping process is a kind of classic föster energy transfer 
Surface functionalization of NIR dye-doped NPs
For a practical fluorescent probe, water-dispersibility and bio-environmental stability are essential requirements. We thus functionalized the NIR712-doped NPs with amphipathic surfactant C18PMH-PEG, a common surfactant used in bio-applications [27] . Since the NPs have hydrophobic surface properties, it is convenient that C18PMH-PEG will be anchored to them through hydrophobic interactions. This was confirmed by the comparing the FTIR spectra of NIR712-doped NPs and C18PMH-PEG modified NIR712-doped NPs (Fig. S4a) . The figure shows that, after functionalization, the FTIR spectrum presents bands at around 1100 cm -1 (indicated by a blue arrow) which are corresponding to the C-O-C stretching modes of PEG, indicating the existence C18PMH-PEG. After functionalization, we systematically studied the size and fluorescence intensity evolution of the NPs in a variety of environments including PBS, serum and solutions with pH = 2-10. Fig. S4b reveals that the size of the functionalized NPs still remained stable in different solutions after even 60 days. They also preserved strong photoluminescence in various environments (Fig. 2c) . In marked comparison, the unmodified NPs were easy to aggregate with size significantly increased (Fig. S5a) and the fluorescence intensity quenched accordingly ( The results of the PL stability also prove that the NIR712 molecules are successfully loaded on the host material.
Cytotoxicity
Cytotoxicity of cell probes is crucial to their biomedical applications. To evaluate the cytotoxicity of NIR712-doped NPs before and after surface functionalization, standard MTT assays were performed on KB, HeLa and MRC-5 cell lines. As shown in Fig. 2d and Fig. S6 , these cell lines still retain high viabilities which are on average greater than 90% after 24 h incubation with the NPs of varied concentrations ranging from 0.6 to 20 μM, suggesting that the NPs have nearly negligible cell toxicity.
In vitro targeted cell imaging
The highly fluorescent and stable NIR-emissive NPs were further explored as a biological probe for in vitro imaging. To investigate the intracellular localization of the NPs, cells were dually labeled with blue nuclei-specific DAPI and green lysosome-specific Green DND-26. As shown in Fig. 3a , blue, green and red signals represent nuclei, lysosome and the NIR712-doped NPs respectively. It can be found that the fluorescence signal of the NPs is well overlapped with that of lysosome, indicating that NPs probes are primarily distributed in lysosome.
Targeted cell imaging is very helpful to early cancer diagnosis. To achieve specific cancer cell targeting, one approach is to coat NPs with molecules which have strong affinity with the receptors expressed on cancer cells. As is well known, folate receptor (FR) is a widely studied cancer cell probe which is expressed on the surface of many types of cancer cells [28] , so next we studied FR-mediated cell targeting. We was much stronger than that of other groups (Fig. 3c) . These results clearly demonstrate the highly specific FR targeting of C18PMH-PEG-FA functionalized NIR712-doped NPs to FR-positive cancer cells.
Photostability of NIR712-doped NPs
High tolerance to photobleaching is one of the most important properties for a qualified fluorescent probe [16] . Therefore, we examined the photostability of the NIR712-doped NPs and compared with that of fluorescein isothiocyanate (FITC) dye under 488 nm laser illumination with confocal microscopy at same conditions. FITC is one of the most commonly used organic dyes in bioimaging. As shown in 
In vivo imaging and biodistribution
The highly stable and bright NPs were then examined for in vivo bioimaging applications. The PEGylated NIR712-doped NPs (200 μL of 120 μM solution for each mouse) were intravenously injected into nude mice bearing KB tumor. Fig. S8 shows the time-dependent in vivo fluorescence imaging. There was notable fluorescence signals from the skin initially, however, the tumor site became more intense red and could be gradually distinguished from the autofluorescence of the mouse. At 48 h after injection, the fluorescence of the doped NPs was distinctively bright red and spatially resolved in the tumor site (Fig. 5b) . All results distinctly indicate the potential application of using the doped NPs for in vivo imaging.
Histology, biochemistry and hematology assay
In vivo toxicity assessment of the doped NPs was then evaluated because it is also very important for their practical application. We assessed the systematic toxicity of the NPs by measuring body weight, hematology analysis, and blood biochemical assay. Nine untreated mice were used as a control. In the experimental group of 9 mice, 200 μL of 100 μM PEGylated NIR712-doped NPs was injected to each. No obvious body weight variation was observed for the mice after NP treatment (Fig. S9) compared with that of the control group. Another group of NP treated mice was sacrificed at Day 1, 7 and 14 for careful necropsy. Five representative organs including liver, kidney, spleen, lung, and heart of the mice were sectioned and stained by hematoxylin and eosin (H&E) for histology analysis (Fig. 6 ). In spite of relatively high RES uptake of the doped NPs in liver, no noticeable organ damage, inflammation and lesions were observed at Day 1, 7 and 14. Other organs of mice also showed no apparent histopathological abnormalities in comparison with those of the control mice. Histology results provide macroscopic and visual evidence of toxicity.
To quantify the toxicity of the doped NPs, another important step is performing serum biochemistry and hematological assay. In the assay, the following standard (Fig. 7) , suggesting that no obvious hepatic and kidney disorder of mice be induced by the NP injection.
These data indicate that NIR712-doped NPs are not noticeably toxic to mice at the injected dose, which means that they could be a safe fluorescence probe for bioimaging.
Conclusions
We have demonstrated an approach of encapsulating NIR dyes into NPAFN NPs 
